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The success of ocrelizumab in reducing confirmed disability accumulation in primary
progressive multiple sclerosis (PPMS) via CD20-targeted depletion implicates B cells
as causal agents in the pathogenesis of PPMS. This review explores the possible
mechanisms by which B cells contribute to disease progression in PPMS, specifically
exploring cytokine production, antigen presentation, and antibody synthesis. B cells may
contribute to disease progression in PPMS through cytokine production, specifically
GM-CSF and IL-6, which can drive naïve T-cell differentiation into pro-inflammatory
Th1/Th17 cells. B cell production of the cytokine LT-α may induce follicular dendritic
cell production of CXCL13 and lead indirectly to T and B cell infiltration into the CNS.
In contrast, production of IL-10 by B cells likely induces an anti-inflammatory effect that
may play a role in reducing neuroinflammation in PPMS. Therefore, reduced production
of IL-10 may contribute to disease worsening. B cells are also capable of potent
antigen presentation and may induce pro-inflammatory T-cell differentiation via cognate
interactions. B cells may also contribute to disease activity via antibody synthesis,
although it’s unlikely the benefit of ocrelizumab in PPMS occurs via antibody decrement.
Finally, various B cell subsets likely promulgate pro- or anti-inflammatory effects in MS.
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INTRODUCTION
Multiple Sclerosis (MS) is the most prevalent chronic demyelinating disorder of the central nervous
system (CNS) affecting more than 2 million people worldwide and over 700,000 people in the
United States (1). There are multiple different subtypes of MS. Most common is the relapsing
remitting MS (RRMS) subtype that affects the vast majority of MS patients. Approximately
85–90% of patients present with RRMS (2), which is characterized by relapsing and then remitting
neurological deficits without progressive disability between relapses. In later stages, RRMS patients
may exhibit ongoing worsening without obvious remission, termed secondary progressive MS
(SPMS). Roughly 36–60% of patients who first develop RRMS will go on to develop SPMS, on
average 10 years after disease onset (3, 4). A less common subtype, primary progressive MS (PPMS),
is characterized by gradual worsening of neurological function from disease onset without evidence
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between the different disease subtypes which have led researchers
to hypothesize that two distinct yet related pathophysiologic
mechanisms are driving the phenotypic differences seen in
these subtypes of MS (28, 29). More specifically, one emerging
concept is that relapses and remissions, characteristic of RRMS,
are caused by an inflammatory process driven by autoreactive
effector T cells, while progressive accumulation of disability
without remission, characteristic of SPMS and PPMS, is the result
of a neurodegenerative process driven by dysfunction of the
innate immune system and B cells (30).
There are now over 20 FDA approved disease modifying
agents for MS, with one designated by the FDA as an effective
option for PPMS. Ocrelizumab is the only FDA approved
medication for PPMS, having been approved in early 2017 (31).
Ocrelizumab is a monoclonal antibody that targets CD20, a
cell marker found principally on B cells (24). The mechanism
of action of ocrelizumab is considered to be mainly antiinflammatory via selective depletion of B cells. In a randomized
double-blinded, placebo-controlled trial in patients with PPMS,
ocrelizumab reduced confirmed disability as defined by slowed
advancement in the expanded disability status scale (EDSS) (31).
Prior to this, numerous other immune-targeting therapeutic
drugs approved to treat RRMS had been trialed in PPMS without
success. Interferon β-1a (32) and β-1b (33), fingolimod (34),
rituximab (35) and glatiramer acetate (36) were ineffective at
reducing disability accumulation in PPMS. Dronabinol (37) and
high dose biotin (38) were also trialed in PPMS and SPMS
with the hope that these drugs would promote neuroprotection
and repair. Dronabinol showed no significant change in disease
worsening, whereas high dose biotin demonstrated disability
improvement in 12.6% of patients compared with 0% of the
placebo arm in a randomized double-blinded placebo controlled
study (38). However, a phase III clinical trial of high dose biotin
in the treatment of PPMS and SPMS demonstrated that high
dose biotin failed to meet its primary and secondary endpoints,
including improvement of disability or progression of disability
(39). Research into the mechanisms by which biotin may exert a
beneficial effect in progressive MS is ongoing (40). Teriflunomide
(41), natalizumab (42), alemtuzumab (43), mitoxantrone (44),
and hematopoietic bone marrow transplantation (45, 46) have
also been found to alter B cells in MS patients but have not been
tested in large scale clinical trials for PPMS. It is not currently
known whether PPMS is pathogenetically distinct from RRMS
and SPMS but the clinical success of Ocrelizumab in PPMS,
viewed in the context of the failure of other disease-modifying
therapies, implies a difference in the disease mechanism of
PPMS. The mechanism or mechanisms by which B cell depletion
produces a therapeutic effect in PPMS will be explored herein.

of remission. Approximately 10–15% of patients with MS
have PPMS (2). Of all the MS subtypes, PPMS has the
worse prognosis, with patients reaching much higher levels of
disability compared to patients with RRMS and SPMS (5). The
pathophysiologic mechanisms leading to these distinct clinical
phenotypes in MS subtypes is an area of ongoing research. The
pathological hallmarks of MS are inflammation, demyelination,
remyelination, and neurodegeneration occurring either focally
or diffusely in the brain and spinal cord (6). These features
are present in all MS subtypes, although in PPMS and SPMS
there is a predominance of diffuse low level inflammation, slowly
expanding pre-existing lesions, and a more intact blood brain
barrier when compared to RRMS (7).
B cells have been implicated in the pathology of MS through
the presence and diagnostic significance of oligoclonal bands (8–
11), an increased concentration of unique B cells subsets in the
periphery and CNS of MS patients (12–15), and the formation of
CNS ectopic lymphoid follicles (16–18). B cells may contribute
to disease progression in PPMS through cytokine production,
antigen presentation and antibody synthesis. A summary of the
mechanism of action of B cells in the immunopathogenesis of
PPMS is shown in Figure 1. Further, the effect of B cells in MS
is likely subset-dependent with some B cells exerting an antiinflammatory effect (19–21), while others a pro-inflammatory
effect (22, 23). The influence of various B cell subgroups in MS is
supported by clinical trial data, which demonstrates a reduction
in relapses in RRMS patients treated with anti-CD20 antibodies
(24) and an increased relapse rate after depletion of plasma cells
and late stage B cells (23). In PPMS, the success of ocrelizumab
in reducing disability progression is likely a result of selective
depletion of pro-inflammatory B cell subsets in PPMS patients
with MRI evidence of clinically significant ongoing inflammation

PROGRESSIVE MS PATHOLOGY AND
CLINICAL CHARACTERISTICS
The pathology of PPMS and SPMS are characterized by
widespread diffuse inflammation with slowly expanding lesions,
abundant cortical demyelination, brain atrophy, and lymphocyte
infiltration and microglial activation in normal appearing white
matter (25). In contrast, RRMS is typified by new and active focal
inflammatory demyelinating lesions in the CNS white matter.
The pathogenic mechanisms underlying PPMS and SPMS are
incompletely understood and it remains unclear whether these
disease subtypes are caused by similar or unique pathogenic
mechanisms (26). Increasing recognition that relapses and MRIidentified lesion activity also occur in some patients with PPMS
and SPMS, typically in the early stages of the disease, led
to a modification of the phenotypic categories of progressive
multiple sclerosis (27). Recent guidelines for diagnosing PPMS
and SPMS now include two qualifiers: (1) with or without disease
activity, defined by MRI or clinical evidence of inflammatory
lesions or relapses; and (2) with or without progression, defined
as gradual worsening disability independent of relapses (27).
There are multiple areas of clinical and pathological overlap
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EVIDENCE FOR A PATHOGENIC ROLE OF
B CELLS IN PPMS
Oligoclonal Bands
The presence of unique oligoclonal bands (OCBs) and increased
intrathecal IgG synthesis by antigen experienced B cells has
long been recognized as a component of MS (47). OCBs are
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FIGURE 1 | Impact of B cells on PPMS pathogenesis. Production of cytokines influences the function of CD4 T cells, including promoting and suppressing
inflammation. Production of the cytokines IL-6 and GM-CSF can induce differentiation of CD4 T cells into Th1 and Th17 T cells which can then cause CNS damage.
The cytokine IL-10 is believed to decrease activity of Th1 effector T cells and reduce neuroinflammation in EAE and MS. Decreased IL-10 production by B cells may
result in increased neuroinflammation in MS. B cells induce T cell activation and differentiation into pro-inflammatory T cell subsets via antigen presentation via the
tri-molecular complex of MHCII, antigen, and T cell receptor. B cells are capable of differentiating into antibody secreting cells which produce antibodies capable of
directly damaging the CNS. Binding of lymphotoxin (LT) by follicular dendritic cells induces secretion of CXCL13 which may serve as a chemoattractant for B cells and
T cells, increasing lymphocyte infiltration into the CNS. Created with BioRender.com.

are increased in patients with PPMS compared to patients with
SPMS, RRMS, or healthy controls (15). CD19+ B lymphocytes
from RRMS and SPMS patients display hyper-phosphorylation
of p65 (55), but this hyperactivity has not been confirmed in
PPMS. In addition, anti-inflammatory “regulatory B cells”, which
produce IL-13, IL-10, and TGF-β, are reduced in all subtypes
of MS compared to healthy controls. Multiple studies have
reported flow cytometric characterization of the phenotype of
both CSF and peripheral immune cells that offer insight into the
possible underlying mechanisms leading to B cell proliferation
and activation in MS. Overall, the presence of increased numbers
of activated B cells in the CSF and periphery of patients with
PPMS and SPMS, the lack of regulatory B cells in all forms of MS,
and the correlation of increased B cell populations with disease
progression in patients with SPMS indicate a unique role for B
cells in the pathology of progressive MS.

detectable in ∼95% of patients upon first presentation who
subsequently go on to develop MS. Further, OCBs may have
prognostic value in determining the likelihood of progression
from CIS to multiple sclerosis and disability accumulation (9–
11). Preferential expression of variable gene segments in isolated
CNS immunoglobulin from patients with MS indicate that
immunoglobulins present in the CNS have undergone affinity
maturation likely driven by the presence of a specific antigen (48,
49). MS patients with OCBs have a more aggressive disease course
than MS patients without OCBs (50). Moreover, in patients
with progressive disease, oligoclonal IgM bands in the CSF are
linked to faster progression into SPMS (51, 52) and with active
inflammation in PPMS (53). These findings indicate a potential
pathogenic role for intrathecal immunoglobulins in MS.

B Cells in the CSF and Peripheral Blood
In healthy patients, B cells are hardly detectable in the CSF,
whereas in MS the mean frequency of B cells among CSF
leukocytes is about 5% (12, 13). In contrast to B cells in the
periphery, most B cells in the CNS are memory B cells, identified
by surface expression of CD27. In patients with RRMS, elevated
features of neurodegeneration, as revealed by MRI, correlate
with increased numbers of peripheral B cells and a higher
proportion of activated B cells (14). Patients with SPMS have
greater numbers of specific B cell populations in their peripheral
blood, notably DC-SIGN+ B cells and CD83+ B cells (54),
which correlate with disease progression. Another study found
that CD19+ B lymphocytes expressing TNFα in the periphery
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Ectopic Lymphoid Follicles
The CNS is separated physically from the peripheral circulation
by the blood brain barrier (BBB), which compartmentalizes the
CNS and restricts leukocyte migration into the brain and spinal
cord. Historically, the CNS was believed to be an immuneprivileged site, but recent evidence has demonstrated a steady
trafficking of memory T cells between the periphery and the
CNS (56). It is hypothesized that memory T cells enter the CSF
using specific adhesion molecules, chemokines, and chemokine
receptors and enter the CSF through the epithelium of the
choroid plexus (56). These memory T cells then circulate through
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PPMS with adjacent cortical pathology, it is possible that
leptomeningeal inflammation is an independent driver of
disability, particularly in progressive MS (16, 17). However, the
specific role of leptomeningeal inflammation in MS pathogenesis
remains an area of active debate. Some studies have described
extensive subpial demyelination in patients with PPMS and
SPMS without convincing evidence of ELFs or B cell infiltration
(62). This seems to indicate that leptomeningeal inflammation
with ELFs or B cells may not be needed for cortical demyelination
observed in these patients. Additionally, given that most research
data on leptomeningeal inflammation in MS comes from autopsy
series, the possibility that the leptomeningeal inflammation is
a secondary response to primary cortical demyelination rather
than a causative factor remains.

the CSF and interact with CNS myeloid antigen presenting
cells (APCs) within the subarachnoid space surrounding the
leptomeninges where they may propagate an immune response.
Diverse immune cell infiltrates have been observed in the
leptomeninges in patients with RRMS, SPMS, and PPMS (17, 18).
Numerous studies have linked these immune cell infiltrates to
demyelination and neuronal degeneration in the adjacent cortex
(18, 57) leading researchers to postulate that leptomeningeal
inflammation is a potential driver of disease progression in MS
(16). The spectrum of leptomeningeal inflammation exhibits
significant variability, ranging from disorganized collections of
immune cells in some patients to well-organized collections of
immune cells with many features similar to lymphoid tissue in
others (58). These well-organized immune cell structures have
been termed ectopic lymphoid follicle-like structures (ELFs) and
are characterized by separate B and T cell regions, a network of
follicular dendritic cells, plasma cells, and proliferating B cells
with evidence of ongoing germinal center reactions (59). While
the true incidence and significance of these ELFs in MS patients is
still under heavy scrutiny, they are not uncommon in progressive
forms of MS. One autopsy study found evidence of ELFs in
the meninges in up to 40% of patients with SPMS, but not in
RRMS or PPMS (59). Further autopsy series of patients with MS
have supported the presence of meningeal ELFs in patients with
SPMS (17). Notably, the presence of ELFs is linked with increased
cortical demyelination (17).
Further studies looking exclusively at PPMS found no proof
of ELFs but instead evidence of more widespread disorganized
leptomeningeal inflammation (16). In an autopsy series of 26
patients with PPMS, formal organization of ELFs was not
detected; however, a subset of PPMS patients had extensive
meningeal immune cell infiltration, consisting of both B and
T cells. Patients with evidence of widespread leptomeningeal
inflammation had a more severe clinical course and increased
cortical demyelination. Further investigation corroborated these
findings and demonstrated the presence of ELFs in patients
with SPMS and generalized leptomeningeal inflammation in
patients with PPMS and RRMS (60). Interestingly, in progressive
patients, leptomeningeal inflammation is only present in patients
with pathologically active disease defined as the presence of
classically active or slowly expanding lesions at the time of
autopsy. Patients with pathologically inactive plaques do not
display features of leptomeningeal inflammation (60). The
makeup of the leptomeningeal immune cell infiltrate varies
by disease subtype, with an increased prevalence of plasma
cells in patients with either PPMS or SPMS. Additionally,
progressive patients with pathologically inactive disease have
levels of overall leptomeningeal inflammation similar to those of
healthy controls but still have a modest but significantly higher
number of plasma cells and overall B cells (60). Leptomeningeal
inflammation, given that it is more prevalent in the subset
of patients with PPMS who had active disease and can be
visualized on MRI (60, 61), may serve as a potential biomarker
to identify patients with PPMS who may benefit most from B
cell therapy.
Given the correlation between both ELFs in SPMS and
widespread disorganized leptomeningeal inflammation in
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MECHANISM OF ACTION OF B CELL
MEDIATED DISEASE PROGRESSION IN
PPMS
Antibody Production
The presence of unique oligoclonal bands in the CSF of MS
patients led to the hypothesis that B cells could be contributing
directly to MS pathogenesis via autoantibody mediated CNS
tissue damage (47). This idea is supported by the presence
of CNS B cell clonal populations in patients with MS that
demonstrate evidence of somatic hypermutation and antigen
driven affinity maturation (48, 49). Additionally, plasma cells
isolated from the CSF of MS patients produce antibodies that
make up oligoclonal bands (63). Compared to RRMS patients,
SPMS and PPMS patients have higher amounts of plasma
cells in perivascular and meningeal immune cell infiltrates
indicating a unique role of plasma cells in progressive disease
(60). Early studies exploring the role of antibodies in MS
pathogenesis demonstrated antibodies bound to disintegrating
myelin in acute MS lesions at autopsy and in the marmoset
model of EAE (64). Immunoglobulins bound to myelin could
induce tissue damage via complement activation (65), activation
of microglia/macrophages via activating Fc receptors (66),
disturbance of oligodendrocyte physiology (67), or by proteolytic
activity on myelin basic protein (68). Additionally, the number
of antibody-secreting plasma cells increases with age in patients
with PPMS and SPMS (60). Overall, these data indicate that CNS
plasma cell antibody production could be playing a role in PPMS
disease progression.
It should be emphasized that no specific self-antigen has
yet been identified that has consistently been verified as an
autoantibody target in MS (69). Evidence supporting intrathecal
antibody-mediated injury derives from a study involving
adoptive transfer of Ig from the CSF of PPMS patients to naïve
mice. These mice succumbed to motor deficits paralleled by
CNS pathology, including demyelination and axonal loss within
the spinal cord (70). Many potential self-antigens have been
implicated by the presence of specific autoantibodies in patients
with PPMS. Candidate targets for auto-antibodies in PPMS
include anti-neurofilament light (71), anti-ganglioside GM3 (72),
and anti-SPAG16 (54). However, these antibodies have not been
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reliably detected in large populations of PPMS patients, nor has
a causal mechanism of injury been well-established. In a study
of patients with all subtypes of MS, antibodies specific to KIR4.1
(an ATP-sensitive inward rectifying potassium channel expressed
found primarily on glial cells) were found in roughly half of the
subjects. However, the presence of anti-KIR4.1 antibodies did
not correspond to a specific MS phenotype (73) and subsequent
studies have failed to reproduce these findings (74). Overall, while
many autoantibodies have been identified in patients with PPMS,
no specific autoantibody has been reliably linked to CNS damage.
Clinical data from anti-CD20 treatment of patients with MS
argues against a link between treatment benefit and antibody
production. B cells down-regulate CD20 expression as they
develop into plasma cells and thus mature plasma cells secreting
antibodies do not express CD20 (75). Therefore, plasma cells
are not directly targeted by ocrelizumab or rituximab and antiCD20 therapies are unlikely to have a direct impact on intrathecal
antibody levels, at least in the short term. This is supported
by a lack of measurable change in total serum antibody levels
in MS patients treated with rituximab, even in those patients
experiencing clinical benefit (76). Additional clinical studies
specifically evaluating rituximab’s effect on antibody levels have
confirmed that rituximab does not change peripheral antibody
levels (77). Further, CSF IgG levels, IgG index and oligoclonal
band numbers are also unchanged in patients with RRMS treated
with rituximab, even in the presence of depleted CSF B and T cells
(78). Given that anti-CD20 therapy depletes the vast majority of
plasma cell precursor cells, it’s possible that long-term CD20targeted B cell depletion therapy may impact plasma cells in
treated patients and thereby alter antibody levels, but antibody
modulation does not appear to contribute to the clinical benefit
seen shortly after treatment in MS.

cell surface marker CD19 and secretion of the cytokines IL-10
and TGF-β, are reduced in all subtypes of MS, particularly those
with PPMS. The overproduction or underproduction of specific
cytokines by B cells could play a causal role in the pathogenesis
of PPMS.

Cytokine Production

B Cell Production of IL-6

B cells exert both pro-inflammatory and anti-inflammatory
effects depending on distinct cytokine production (79). B cells are
capable of controlling the polarization of effector T cell responses
and the formation of memory T cells through cytokine secretion
(79). A subset of B cells exhibits anti-inflammatory properties
through the secretion of IL-10, TGF-β and IL-35. These unique
B cells are identified by CD markers CD19 and CD138 and have
been termed “regulatory B cells” due to their hypothesized role
in the production of these anti-inflammatory cytokines (79, 80).
B cells also produce cytokines that induce T-cell differentiation
toward Th1, Th2, or Th17 subtypes (81) and exert an antiinflammatory role in mouse models of autoimmunity (80).
Patients with RRMS and SPMS have a dysregulated cytokine
network, specifically demonstrating a decrease in the antiinflammatory cytokine IL-10 (82). B cells (particularly memory
B cells) isolated from individuals with RRMS and SPMS can
also be activated to produce abnormally high amounts of the
cytokines TNF-α, LT-α, IL-6, and GM-CSF (82, 83). A study on
the peripheral blood of MS patients demonstrated that peripheral
pro-inflammatory B cells, defined by the cell surface marker
CD19 and by secretion of the cytokine TNF-α, are significantly
increased in all subtypes of MS, particularly those with PPMS
(15). Additionally, peripheral B regulatory cells, identified by the

Murine EAE is a commonly used animal model that has been
used to decipher the immunopathogenic mechanisms of MS and
devise novel therapies (93). EAE is induced by immunizing mice
with CNS tissue or myelin peptides in the presence of an adjuvant
or by the adoptive transfer of encephalitogenic T cells into naïve
mice. Different strains of mice will exhibit different pathology
after induction of disease. The SJL/J mouse strain typically
demonstrates a relapsing remitting form of demyelinating disease
when immunized, whereas C57BL/6 mice display a monophasic
or chronic progressive demyelinating disease (94). The latter is
considered a suitable model for studying the demyelination and
axonal damage present in PPMS and SPMS, although notable
differences between murine and human MS disease pathology
have raised obvious limitations for the interpretation of EAE
results (94).
B cells from mice with EAE produce more IL-6 than naive
mice and treatment with monoclonal anti-CD20 antibodies
leads to normalized B cell production of IL-6 (95). Genetic
deletion of IL-6 exclusively in B-cells during EAE demonstrates
a more indolent course compared to control mice without
B cell IL-6 deletion (95). In co-culture, B cells enhance Th1
and Th17 T cell responses to fungal infection in vitro, partly
through IL-6 signaling (96). Additionally, analysis of CSF
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B Cell Production of LTα
LTα is secreted by B and T cells and binding of membrane bound
LTα to follicular dendritic cells induces CXCL13 production (84).
CXCL13 is a ligand that binds to the chemokine receptor CXCR5,
which is expressed on virtually all B cells, a subset of T cells,
and transiently on T cells upon activation (85, 86). CXCL13 is
presumed to be a potent chemoattractant that plays a causative
role in T and B cell CNS infiltration and lesion formation in MS
(87) and is locally produced in active demyelinating MS lesions
(87). Elevated CSF CXCL13 also correlates with an increased
risk of relapse and unfavorable prognosis in patients with RRMS
(88). Elevated levels of CSF CXCL13 increase the likelihood of
conversion of CIS to MS (88). In patients with RRMS treated with
rituximab, decreased levels of the chemokine CXCL13 correlate
with decreased levels of T cells (89). This led study researchers
to hypothesize that B cell depletion induces secondary T cell
depletion through reduced LT-α-mediated follicular dendritic
cell production of CXCL13. Analysis of CSF cytokines has also
demonstrated an increase in CXCL13 in patients with PPMS
compared to healthy control (90). Additionally, in patients with
PPMS, CSF CXCL13 was found to correlate with CSF B and T
cell levels (91) and higher amounts of CXCL13 were found in
patients with disease activity compared to those without (92).
Overall, these data suggest a possible pathogenic role for B cells
in PPMS via LT-α and CXCL13, which may be mitigated by
anti-CD20 therapies.
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makes B cells a necessary APC for T cell activation when antigen
levels are low (104). B cells are also more effective APCs when
they recognize the same antigen as T cells (103).
The relevance of B cell antigen presentation to MS
pathogenesis was initially explored in EAE mouse models. Mice
with selective deficiency of MHC II molecules on B cells are
resistant to EAE (105). In contrast, mice selectively expressing
MHC II only on MOG specific B cells and no other APCs are
susceptible to EAE (105). This suggests a causal role of B cells in
MS pathogenesis through a mechanism of antigen presentation
enhanced by a cognate antigen between B and T cells. In a
study exploring the role of B cells in mice with EAE induced by
recombinant MOG protein, which produces what is considered
a “B cell dependent” EAE mouse model, anti-CD20 treatment
reduces Th1 and Th17 subsets significantly more than in the EAE
model induced by immunization with MOG peptide residues 35–
55 (106). This indicates that B cells, via antigen presentation, may
induce a pro-inflammatory polarization with an increase in Th1
and Th17 subsets.
The antigen presentation function of B cells has been explored
further in recent human studies. In vitro T cell proliferation was
found to be increased in RRMS patients with the HLA-DR15+
risk haplotype compared to those RRMS patients without the
risk haplotype (107). Given that the HLA-DR15 gene encodes
a distinct MHC II, this data led to the hypothesis that the
increased risk of MS with this haplotype is a direct consequence
of antigen presentation by B cells. The study further explored
the pathogenicity of the HLA-DR15+ haplotype and found that
in vitro proliferation of T cells was dependent on co-culturing
with B cells. When HLA-DR expression by B cells was inhibited
by ibrutinib, T cell proliferation was decreased, implying an
HLA-DR dependent mechanism of T cell activation by B cells.
Additionally, in RRMS patients treated with rituximab, ex vivo
proliferation and production of pro-inflammatory cytokines by
T cells was substantially reduced. The addition of autologous
CD20+ B cells obtained pre-treatment with rituximab was found
to restore CD4+ T cell proliferation. Memory B cells, specifically
un-switched memory B cells, were the B cell population most
strongly correlated with T cell proliferation (107). A recent
pathological study demonstrated that PPMS patients had higher
amounts of B cells within their CNS lesions compared to patients
with RRMS (108). Additionally, lower amounts of B cells within
these lesions was correlated with decreased CNS T cell infiltration
a better clinical outcome (108). Overall, these data indicate that
B cell modulation of T cells via antigen presentation is a likely
contributor to MS pathogenesis with memory B cells implicated
as the B cell population contributing most to T cell proliferation
via antigen presentation. Current research studies have consisted
almost exclusively of animal studies and human studies in RRMS
and therefore it remains to be seen whether these findings can be
replicated in PPMS.

from patients with PPMS and RRMS revealed that patients
with PPMS have significantly higher levels of intrathecal IL-6
production (97). Recent clinical data demonstrates that treatment
of PPMS patients with ocrelizumab leads to a reduction in B
cell production of IL-6 which correlates with a shift in T cells
to a more anti-inflammatory phenotype (98). The concordance
of animal and human studies with clinical data in PPMS
patients treated with ocrelizumab offers strong evidence for a
role of IL-6 in the pathogenesis of PPMS. Taken together, these
findings indicate that B cell production of IL-6 could exert
inflammatory damage in PPMS by skewing T cells toward a
pro-inflammatory phenotype.

B Cell Production of IL-10
IL-10 is a potent immunoregulatory molecule that is dysregulated
in several autoimmune diseases, such as inflammatory bowel
disease, rheumatoid arthritis and systemic lupus erythematous
(99). Selective genetic deletion of IL-10 in B cells during EAE
results in a non-remitting disease course believed to be driven by
increased Th1 cell activity (100), supporting an IL-10-mediated
anti-inflammatory effect of B cells. Disease is suppressed in EAE
mice that received IL-10-producing B cells (101). A distinct
subpopulation of B cells, termed B10 cells, potentially function
as negative regulators of inflammation and autoimmunity (80).
B10 cells have been isolated in the peripheral blood of patients
with PPMS, RRMS, and SPMS (102) leading to the hypothesis
that deficient functioning of this B cell population may be driving
MS pathogenesis (82). What remains unclear is the role of B10
cells in progressive disease; a specific function of B10 cells (or lack
thereof) has not been detailed in studies on PPMS to date. Given
that the evidence for the anti-inflammatory role of B cell derived
IL-10 in PPMS comes primarily from animal studies, it remains
to be seen whether these findings will be observed in patients with
PPMS and therefore it’s specific role in the pathogenesis of PPMS
remains unclear.

Reconstitution of Anti-inflammatory B Cell
Population
In addition to the immediate effects of anti-CD20 therapies on
patients with PPMS there is also the potential for more longlasting effects from treatment, specifically through reconstitution
of an anti-inflammatory B cell population that may further
modulate disease progression and/or activity. Treatment of
RRMS patients with rituximab leads to reconstitution of B
cells producing lower levels of GM-CSF and higher levels of
IL-10 (83). This suggests a durable effect of rituximab on
the immunologic underpinnings of MS pathogenic processes.
It remains to be seen whether such anti-inflammatory B cell
reconstitution occurs in PPMS patients treated with ocrelizumab.

Antigen Presentation to T Cells
B cells are extremely potent APCs for T cells. They selectively
internalize antigen bound to surface immunoglobin and
then present this to T cells via MHC II molecules. The
antigen concentration necessary for selective internalization and
presentation by B cells are 103- to 104-fold lower than those
required for presentation by monocytes (103) which potentially
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The Pro-inflammatory and
Anti-inflammatory Role of B Cells
The clinical success of ocrelizumab viewed alongside research
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is a cell surface marker expressed on most B cell subsets with
the exception of early pro-B cells, late stage plasmablasts and
terminally differentiated plasma cells (113). In clinical trials,
ocrelizumab, but not rituximab, significantly reduced disability
progression in PPMS patients (31, 35). In the OLYMPUS
trial involving treatment of PPMS patients with rituximab, no
significant reduction in disease progression was observed overall
(35). However, a subgroup analysis revealed that younger age
(<51) and the presence of a gadolinium enhancing lesions
on MRI (≥1 gadolinium enhancing lesion at baseline) were
predictive of treatment responsiveness (35). In particular,
patients who had these characteristics in the placebo arm were
3 times more likely to have clinical disease progression compared
to the same demographic of patients treated with rituximab
(35). The subsequent ORATORIO trial of ocrelizumab in PPMS
was designed with recruitment directed at relatively younger
participants (mean age 44.6 years; maximum age 55 years),
with shorter disease durations (mean 6.4 years; maximum 15
years), and included a relatively high proportion of participants
with gadolinium enhancing lesions at baseline (26%) (31). For
comparison, in previous PPMS clinical trials with rituximab,
fingolimod, and glatiramer acetate, the percentage of participants
with any baseline gadolinium enhancement was 24.5, 13, and
14%, respectively (34–36). In ORATORIO, the subgroup of
patients with gadolinium-enhancing lesions at baseline had a
greater reduction in risk of disease progression (although the
difference was not significant) for those with enhancing lesions
(hazard ratio 0.65 [95% CI 0.40–1.06]) vs. for those without
enhancing lesions (0.84 [0.62–1.13]) (114). These differences in
the patient populations in each study have led to speculation
that there are a subset of patients with PPMS, specifically young
patients with evidence of active inflammation, who preferentially
benefit from B cell depletion therapy due to removal of a B
cell-mediated inflammatory effect (115).
A recent retrospective study examined the off-label use of
rituximab in the treatment of PPMS and found that 41.5% of
PPMS patients treated with rituximab had significant disease
progression after 3 years (116). The patients had a higher degree
of inflammation prior to treatment as demonstrated by the
presence of gadolinium enhancing lesions in 50% of the patients
on their baseline brain MRI (116). In contrast, ORATORIO
demonstrated a 32.9% incidence of disease progression at 12
weeks with a 26% incidence of gadolinium enhancing lesions
on baseline brain MRI (31). The off-label rituximab study had
numerous limitations including a retrospective design, which
prevented the researchers from including a control group, and
a relatively low amount of PPMS patients (43 total) (116).
Additionally, it is unclear the specific criteria that led to the
off-label use of rituximab and it is likely that the patients
were selected for treatment due to rapid disease progression
which may have led to a bias selection of patients with a more
aggressive form of PPMS. Nevertheless, the study suggests that a
significant amount of PPMS patients, despite having evidence of
inflammation on their brain MRI, will continue to progress after
B-cell depletion with rituximab.
Functional differences in the antibody structure of
ocrelizumab compared to rituximab may lead to more favorable

B cell populations and cytokines indicates a multi-faceted role
of B cells in inflammation. This idea is supported by the proinflammatory effects of atacicept in MS, an anti-inflammatory
drug previously trialed to treat RRMS (23).
Atacicept is a human recombinant fusion protein that binds
to the receptor for both BLyS (B-Lymphocyte Stimulator)
and APRIL (A PRoliferation-Inducing Ligand) acting as an
antagonist to these ligands and inhibiting receptor activation.
These two cytokines are important for B-cell maturation,
function, and survival. Atacicept has selective effects on B cells,
depleting plasma cells and late stage B cells while sparing Bcell progenitor cells and memory B cells (109). Atacicept is the
only immunotherapy for MS whose mechanism of action leads
to relative sparing of memory B cells (22).
In a randomized double-blind, placebo-controlled trial of
atacicept in patients with RRMS, patients who received atacicept
had a higher annualized relapse rate compared to those receiving
placebo (23). For this reason, the trial was suspended early and
has led to the hypothesis that atacicept’s depletion of plasma cells
and relative sparing of memory B cells implies that plasma cells
mainly function as anti-inflammatory cells while memory B cells
are pro-inflammatory in MS (13, 110).
This hypothesis is supported by further data highlighting these
distinct functions of plasma cells and memory B cells. In an EAE
mouse model, plasma cells from the gut were found to play an
anti-inflammatory role on neuroinflammation in EAE through
the secretion of IL-10 (19). This fits with previously mentioned
data regarding the anti-inflammatory effects of IL-10 in EAE
(101) and implicates plasma cells as the B cell subtype responsible
for IL-10 secretion. Additionally, immunoglobulin produced by
intrathecal plasma cells in progressive multiple sclerosis may
have a direct anti-inflammatory effect by binding to inhibitory Fc
receptors (111). Oligodendrocyte-specific Igs might also promote
remyelination (112). In contrast, memory B cells are likely proinflammatory and recent research indicates that ex vivo memory
B cells play a prominent role in inducing CD4+ self-reactivity,
likely through a mechanism of antigen presentation (107).
Clinical evidence demonstrating that atacicept increases the
rate of MS relapses, taken in conjunction with additional findings
suggesting an anti-inflammatory role of plasma cells and a proinflammatory role of memory B cells, indicates that B cells can
have both a pro and anti-inflammatory effect in MS depending
on their specific clonal subset, causing either disease mitigation
or progression, respectively.

OCRELIZUMAB IN PPMS
The success of ocrelizumab at reducing disability in PPMS, in
the context of previous failures of other anti-inflammatory drugs
approved for RRMS, in particular the anti-CD20 monoclonal
antibody rituximab, raises important questions about the specific
mechanisms by which ocrelizumab exerts its therapeutic benefit.
One hypothesis put forth regarding the success of ocrelizumab
and failure of rituximab derives from phenotypic differences in
the types of PPMS patients enrolled in each study. Rituximab
and ocrelizumab are both CD20 monoclonal antibodies. CD20
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cell differentiation to Th1/Th17 and driving MS pathogenesis.
Ocrelizumab is unlikely to exert benefit in MS through antibody
decrement given that immunoglobulin levels remain elevated
despite B and T cell depletion in the presence of a treatment
benefit. It is unclear if PPMS patients treated with ocrelizumab
will experience reconstitution of anti-inflammatory B cells
after therapy in a similar way to RRMS patients treated with
rituximab (83).
Altogether, the above data indicates that ocrelizumab likely
reduces disease progression in PPMS by reducing inflammation.
This mechanism of action represents a continuation of the
therapeutic paradigm used to treat RRMS in which the primary
treatment modality involves drugs that work via reducing
inflammation. The benefit of ocrelizumab but the failure of
multiple other RRMS anti-inflammatory drugs, in conjunction
with the phenotypic differences in PPMS compared to RRMS,
has important implications about disease pathogenesis and
treatment. Clinical trial data indicates that there is likely
a subset of patients with PPMS, typically younger, newly
diagnosed patients with gadolinium enhancing lesions on
MRI, who have active inflammation contributing to their
progressive disability who would benefit from a high potency
anti-inflammatory medication. These qualitative differences in
subgroups of PPMS patients have implications for the way
we classify patients with PPMS. The recent revisions to the
classification of MS to include new qualifiers for active disease
and presence of progression represents an effort to further
delineate PPMS into more clinically useful groups (27). Clinical
trials examining the effect of anti-inflammatory treatments on
PPMS in patients with or without active disease and with
or without progression would shed light on further clinically
meaningful phenotypic differences within the PPMS subtype.
Leptomeningeal inflammation, given that it is more prevalent
in the subset of patients with PPMS who had active disease
and that it can be visualized on MRI (60, 61), may serve
as a potential biomarker to identify patients with PPMS who
may benefit most from B cell therapy. The clinical data also
implies that for the majority of patients with PPMS, specifically
those older patients without evidence of active disease, further
anti-inflammatory treatment is unlikely to influence disease
progression. Dedicated research in patients with PPMS without
evidence of active inflammation and refinement of MS animal
models of neurodegeneration in the absence of inflammation
may help elucidate the non-inflammatory, neurodegenerative
processes contributing to PPMS disease progression.
Broadening our understanding of disease pathogenesis in
PPMS and harnessing that knowledge to develop new and
effective treatments represents the next frontier in MS research.
This goal carries with it unique challenges given the reduced
prevalence of PPMS compared to RRMS and SPMS, making
clinical trial recruitment more difficult. Additionally, the EAE
mouse model, the most widely studied animal model for
MS, is of questionable utility in PPMS given the lack of
progressive MS pathologic features (94). Dedicated clinical
studies of progressive disease, expanded and novel animal
models for progressive disease, and shifting treatment paradigms
will hopefully lead to future breakthroughs for patients
with PPMS.

safety and tolerability profiles but are unlikely to significantly
change the levels of circulating B cells in the periphery and
CNS of treated PPMS patients. Rituximab is a chimeric
antibody with an Fab domain derived from mouse protein,
whereas ocrelizumab is exclusively derived from human protein
(117). Compared to rituximab, ocrelizumab has a structurally
distinct Fc region domain that binds with higher affinity to
natural killer cells. This difference leads to relatively stronger
antibody-dependent cell cytotoxicity and relatively weaker
complement-dependent cytotoxicity for ocrelizumab compared
to rituximab (24). This relative decrease in complementdependent cytotoxicity is hypothesized to reduce the rate of
adverse effects by reducing rates of systemic complement
mediated cytokine release (118). Additionally, ocrelizumab has
a distinct Fab binding domain that alters its binding affinity
to CD20 (119). This difference in epitope binding affinity is
unlikely to translate to increased depletion of circulating B
cells with ocrelizumab compared to rituximab given that PPMS
patients treated with rituximab had near-complete depletion of
circulating B cells, defined as a >95% decrease of CD19+ B cells,
from week 2 to 96 after rituximab treatment (35). Additionally, in
RRMS patients treated with rituximab, CSF B cells were reduced
by 90% at 24 weeks post-treatment with rituximab (78). Another
study examining the efficacy of dual intravenous and intrathecal
rituximab for depleting CNS B cells in patients with SPMS found
that peripheral B cells were reliably depleted but CSF B cells were
incompletely and transiently depleted (120). While it’s possible
that ocrelizumab may deplete CSF B cells more effectively than
rituximab, given that ocrelizumab is administered intravenously
it is unlikely to achieve the CNS penetration necessary to
outperform intrathecal rituximab administration.

CONCLUSION
Ocrelizumab is the first and only FDA approved diseasemodifying therapy for patients with PPMS. The characteristics of
patients treated in ORATORIO indicate that ocrelizumab likely
exerts an anti-inflammatory effect with the most pronounced
benefit occurring in younger PPMS patients with a high
propensity for disease activity (114). This idea is supported in
the rituximab clinical trial in PPMS that showed benefit to a
subgroup of younger patients with gadolinium enhancing lesions
on MRI (35). Ocrelizumab likely induces an anti-inflammatory
effect primarily through abrogating B cell functions, such as
cytokine production and antigen presentation. B cells exhibit
a spectrum of activity in MS with memory B cells playing
a pro-inflammatory role and a subset of B cell lineage cells,
such as segments of plasmablasts/plasma cells contributing to
the suppression of inflammation. Cytokines produced by B
cells, including LT-α, IL-6, and GM-CSF, have been implicated
as drivers of the pro-inflammatory effects in MS via T-cell
differentiation from naïve T cells into inflammatory Th1/Th17
cells as well as via indirect myeloid cell stimulation of T cells.
In contrast, production of IL-10 by B cells may cause an
anti-inflammatory effect in PPMS. However, there is currently
a lack of clinical human studies to definitively support or
refute this claim. B cell antigen presentation also likely plays a
prominent role in driving T cell activity by inducing naïve T
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42. Planas R, Jelcić I, Schippling S, Martin R, Sospedra M. Natalizumab
treatment perturbs memory-and marginal zone-like B-cell homing in
secondary lymphoid organs in multiple sclerosis. Eur J Immunol. (2012)
42:790–8. doi: 10.1002/eji.201142108
43. Thompson SA, Jones JL, Cox AL, Compston DAS, Coles AJ.
B-cell reconstitution and BAFF after alemtuzumab (Campath1H) treatment of multiple sclerosis. J Clin Immunol. (2010)
30:99–105. doi: 10.1007/s10875-009-9327-3
44. Gbadamosi J, Buhmann C, Tessmer W, Moench A, Haag F, Heesen C. Effects
of mitoxantrone on multiple sclerosis patients’ lymphocyte subpopulations
and production of immunoglobulin, TNF-alpha and IL-10. Eur Neurol.
(2003) 49:137–41. doi: 10.1159/000069082
45. Delemarre EM, Van Den Broek T, Mijnheer G, Meerding J, Wehrens EJ,
Olek S, et al. Autologous stem cell transplantation aids autoimmune patients
by functional renewal and TCR diversification of regulatory T cells. Blood.
(2016) 127:91–101. doi: 10.1182/blood-2015-06-649145
46. Arruda LC, Malmegrim KC, Lima-Júnior JR, Clave E, Dias JB, Moraes
DA, et al. Immune rebound associates with a favorable clinical response to
autologous HSCT in systemic sclerosis patients. Blood Adv. (2018) 2:126–
41. doi: 10.1182/bloodadvances.2017011072
47. Correale J, Molinas MdlMB. Oligoclonal bands and antibody responses in
multiple sclerosis. J Neurol. (2002) 249:375–89. doi: 10.1007/s004150200026
48. Owens GP, Kannus H, Burgoon MP, Smith-Jensen T, Devlin ME, Gilden DH.
Restricted use of VH4 germline segments in an acute multiple sclerosis brain.
Ann Neurol. (1998) 43:236–43. doi: 10.1002/ana.410430214
49. Qin Y, Duquette P, Zhang Y, Talbot P, Poole R, Antel J. Clonal expansion and
somatic hypermutation of V (H) genes of B cells from cerebrospinal fluid in
multiple sclerosis. J Clin Invest. (1998) 102:1045–50. doi: 10.1172/JCI3568
50. Rojas J, Tizio S, Patrucco L, Cristiano E. Oligoclonal bands in
multiple sclerosis patients: worse prognosis? Neurol Res. (2012)
34:889–92. doi: 10.1179/1743132812Y.0000000088
51. Villar LM, Masjuan J, González-Porqué P, Plaza J, Sádaba MC, Roldán E, et
al. Intrathecal IgM synthesis is a prognostic factor in multiple sclerosis. Ann
Neurol. (2003) 53:222–6. doi: 10.1002/ana.10441
52. Thangarajh M, Gomez-Rial J, Hedström A, Hillert J, Alvarez-Cermeño
J, Masterman T, et al. Lipid-specific immunoglobulin M in CSF predicts
adverse long-term outcome in multiple sclerosis. Mult Scler J. (2008)
14:1208–13. doi: 10.1177/1352458508095729
53. Villar LM, Casanova B, Ouamara N, Comabella M, Jalili F, Leppert
D, et al. Immunoglobulin M oligoclonal bands: biomarker of targetable
inflammation in primary progressive multiple sclerosis. Ann Neurol. (2014)
76:231–40. doi: 10.1002/ana.24190

Frontiers in Neurology | www.frontiersin.org

10

June 2021 | Volume 12 | Article 680581

Holloman et al.

B Cells in PPMS

91. Sellebjerg F, Börnsen L, Khademi M, Krakauer M, Olsson T,
Frederiksen J, et al. Increased cerebrospinal fluid concentrations
of the chemokine CXCL13 in active MS. Neurology. (2009)
73:2003–10. doi: 10.1212/WNL.0b013e3181c5b457
92. Novakova L, Axelsson M, Malmeström C, Zetterberg H, Blennow K,
Svenningsson A, et al. NFL and CXCL13 may reveal disease activity in
clinically and radiologically stable MS. Mult Scler Relat Disord. (2020)
46:102463. doi: 10.1016/j.msard.2020.102463
93. Constantinescu CS, Farooqi N, O’brien K, Gran B. Experimental
autoimmune encephalomyelitis (EAE) as a model for multiple sclerosis (MS).
Br J Pharmacol. (2011) 164:1079–106. doi: 10.1111/j.1476-5381.2011.01302.x
94. Gold R, Linington C, Lassmann H. Understanding pathogenesis and therapy
of multiple sclerosis via animal models: 70 years of merits and culprits
in experimental autoimmune encephalomyelitis research. Brain. (2006)
129:1953–71. doi: 10.1093/brain/awl075
95. Barr TA, Shen P, Brown S, Lampropoulou V, Roch T, Lawrie S, et
al. B cell depletion therapy ameliorates autoimmune disease through
ablation of IL-6–producing B cells. J Exp Med. (2012) 209:1001–
10. doi: 10.1084/jem.20111675
96. Li R, Rezk A, Li H, Gommerman JL, Prat A, Bar-Or A. Antibodyindependent function of human B cells contributes to antifungal T cell
responses. J Immunol. (2017) 198:3245–54. doi: 10.4049/jimmunol.1601572
97. Baraczka K, Nekam K, Pozsonyi T, Szüts I, Ormos G. Investigation
of cytokine (tumor necrosis factor-alpha, interleukin-6, interleukin-10)
concentrations in the cerebrospinal fluid of female patients with multiple
sclerosis and systemic lupus erythematosus. Eur J Neurol. (2004) 11:37–
42. doi: 10.1046/j.1351-5101.2003.00706.x
98. Fernández-Velasco JI, Kuhle J, Monreal E, Meca-Lallana V, Meca-Lallana
J, Izquierdo G, et al. Effect of ocrelizumab in blood leukocytes of patients
with primary progressive MS. Neurol Neuroimmunol Neuroinflamm. (2021)
8:e940. doi: 10.1212/NXI.0000000000000940
99. Ouyang W, Rutz S, Crellin NK, Valdez PA, Hymowitz SG.
Regulation and functions of the IL-10 family of cytokines
in inflammation and disease. Annu Rev Immunol. (2011)
29:71–109. doi: 10.1146/annurev-immunol-031210-101312
100. Fillatreau S, Sweenie CH, McGeachy MJ, Gray D, Anderton SM. B
cells regulate autoimmunity by provision of IL-10. Nat Immunol. (2002)
3:944. doi: 10.1038/ni833
101. Lampropoulou V, Hoehlig K, Roch T, Neves P, Gómez EC, Sweenie CH, et al.
TLR-activated B cells suppress T cell-mediated autoimmunity. J Immunol.
(2008) 180:4763–73. doi: 10.4049/jimmunol.180.7.4763
102. Iwata Y, Matsushita T, Horikawa M, DiLillo DJ, Yanaba K, Venturi
GM, et al. Characterization of a rare IL-10–competent B-cell subset in
humans that parallels mouse regulatory B10 cells. Blood. (2011) 117:530–
41. doi: 10.1182/blood-2010-07-294249
103. Lanzavecchia A. Antigen-specific interaction between T and B cells. Nature.
(1985) 314:537. doi: 10.1038/314537a0
104. Rivera A, Chen C-C, Ron N, Dougherty JP, Ron Y. Role of B cells
as antigen-presenting cells in vivo revisited: antigen-specific B cells are
essential for T cell expansion in lymph nodes and for systemic T cell
responses to low antigen concentrations. Int Immunol. (2001) 13:1583–
93. doi: 10.1093/intimm/13.12.1583
105. Harp CRP, Archambault AS, Sim J, Ferris ST, Mikesell RJ, Koni PA, et
al. B cell antigen presentation is sufficient to drive neuroinflammation
in an animal model of multiple sclerosis. J Immunol. (2015) 194:5077–
84. doi: 10.4049/jimmunol.1402236
106. Weber MS, Prod’homme T, Patarroyo JC, Molnarfi N, Karnezis T, LehmannHorn K, et al. B-cell activation influences T-cell polarization and outcome
of anti-CD20 B-cell depletion in central nervous system autoimmunity. Ann
Neurol. (2010) 68:369–83. doi: 10.1002/ana.22081
107. Jelcic I, Al Nimer F, Wang J, Lentsch V, Planas R, Jelcic I, et al. Memory B
cells activate brain-homing, autoreactive CD4+ T cells in multiple sclerosis.
Cell. (2018) 175:85–100.e23. doi: 10.1016/j.cell.2018.08.011
108. Fransen NL, de Jong BA, Heß K, Kuhlmann T, Vincenten MC,
Hamann J, et al. Absence of B cells in brainstem and white
matter lesions associates with less severe disease and absence of
oligoclonal bands in MS. Neurol Neuroimmunol Neuroinflamm. (2021)
8:e955. doi: 10.1212/NXI.0000000000000955

72. Sadatipour BT, Greer JM, Pender MP. Increased circulating antiganglioside
antibodies in primary and secondary progressive multiple sclerosis. Ann
Neurol. (1998) 44:980–3. doi: 10.1002/ana.410440621
73. Srivastava R, Aslam M, Kalluri SR, Schirmer L, Buck D, Tackenberg B, et al.
Potassium channel KIR4.1 as an immune target in multiple sclerosis. N Engl
J Med. (2012) 367:115–23. doi: 10.1056/NEJMoa1110740
74. Nerrant E, Salsac C, Charif M, Ayrignac X, Carra-Dalliere C, Castelnovo
G, et al. Lack of confirmation of anti-inward rectifying potassium channel
4.1 antibodies as reliable markers of multiple sclerosis. Mult Scler J. (2014)
20:1699–703. doi: 10.1177/1352458514531086
75. Hoyer BF, Manz RA, Radbruch A, Hiepe F. Long-lived plasma cells and
their contribution to autoimmunity. Ann N Y Acad Sci. (2005) 1050:124–
33. doi: 10.1196/annals.1313.014
76. Hauser SL, Waubant E, Arnold DL, Vollmer T, Antel J, Fox RJ, et al. B-cell
depletion with rituximab in relapsing–remitting multiple sclerosis. N Engl J
Med. (2008) 358:676–88. doi: 10.1056/NEJMoa0706383
77. Cambridge G, Leandro M, Teodorescu M, Manson J, Rahman A, Isenberg
D, et al. B cell depletion therapy in systemic lupus erythematosus: effect on
autoantibody and antimicrobial antibody profiles. Arthritis Rheum. (2006)
54:3612–22. doi: 10.1002/art.22211
78. Cross AH, Stark JL, Lauber J, Ramsbottom MJ, Lyons J-A. Rituximab reduces
B cells and T cells in cerebrospinal fluid of multiple sclerosis patients. J
Neuroimmunol. (2006) 180:63–70. doi: 10.1016/j.jneuroim.2006.06.029
79. Shen P, Fillatreau S. Antibody-independent functions of B cells: a focus on
cytokines. Nat Rev Immunol. (2015) 15:441. doi: 10.1038/nri3857
80. DiLillo DJ, Matsushita T, Tedder TF. B10 cells and regulatory B cells balance
immune responses during inflammation, autoimmunity, and cancer. Ann N
Y Acad Sci. (2010) 1183:38–57. doi: 10.1111/j.1749-6632.2009.05137.x
81. Harris DP, Haynes L, Sayles PC, Duso DK, Eaton SM, Lepak NM, et al.
Reciprocal regulation of polarized cytokine production by effector B and T
cells. Nat Immunol. (2000) 1:475. doi: 10.1038/82717
82. Duddy M, Niino M, Adatia F, Hebert S, Freedman M, Atkins H, et al.
Distinct effector cytokine profiles of memory and naive human B cell
subsets and implication in multiple sclerosis. J Immunol. (2007) 178:6092–
9. doi: 10.4049/jimmunol.178.10.6092
83. Li R, Rezk A, Miyazaki Y, Hilgenberg E, Touil H, Shen P, et
al. Proinflammatory GM-CSF–producing B cells in multiple
sclerosis and B cell depletion therapy. Sci Transl Med. (2015)
7:310ra166. doi: 10.1126/scitranslmed.aab4176
84. Yu P, Wang Y, Chin RK, Martinez-Pomares L, Gordon S, Kosco-Vibois MH,
et al. B cells control the migration of a subset of dendritic cells into B cell
follicles via CXC chemokine ligand 13 in a lymphotoxin-dependent fashion.
J Immunol. (2002) 168:5117–23. doi: 10.4049/jimmunol.168.10.5117
85. Langenkamp A, Nagata K, Murphy K, Wu L, Lanzavecchia A, Sallusto F.
Kinetics and expression patterns of chemokine receptors in human CD4+
T lymphocytes primed by myeloid or plasmacytoid dendritic cells. Eur J
Immunol. (2003) 33:474–82. doi: 10.1002/immu.200310023
86. Kim CH, Rott LS, Clark-Lewis I, Campbell DJ, Wu L, Butcher EC.
Subspecialization of CXCR5+ T cells: B helper activity is focused in a
germinal center–localized subset of CXCR5+ T cells. J Exp Med. (2001)
193:1373–82. doi: 10.1084/jem.193.12.1373
87. Krumbholz M, Theil D, Cepok S, Hemmer B, Kivisäkk P,
Ransohoff RM, et al. Chemokines in multiple sclerosis: CXCL12
and CXCL13 up-regulation is differentially linked to CNS immune
cell recruitment. Brain. (2005) 129:200–11. doi: 10.1093/brain/a
wh680
88. Khademi M, Kockum I, Andersson ML, Iacobaeus E, Brundin L, Sellebjerg
F, et al. Cerebrospinal fluid CXCL13 in multiple sclerosis: a suggestive
prognostic marker for the disease course. Mult Scler. (2011) 17:335–
43. doi: 10.1177/1352458510389102
89. Piccio L, Naismith RT, Trinkaus K, Klein RS, Parks BJ, Lyons JA,
et al. Changes in B-and T-lymphocyte and chemokine levels with
rituximab treatment in multiple sclerosis. Archiv Neurol. (2010) 67:707–
14. doi: 10.1001/archneurol.2010.99
90. Iwanowski P, Losy J, Kramer L, Wójcicka M, Kaufman E. CXCL10
and CXCL13 chemokines in patients with relapsing remitting and
primary progressive multiple sclerosis. J Neurol Sci. (2017) 380:22–
6. doi: 10.1016/j.jns.2017.06.048

Frontiers in Neurology | www.frontiersin.org

11

June 2021 | Volume 12 | Article 680581

Holloman et al.

B Cells in PPMS

117. Dörner T, Burmester GR. New approaches of B-cell-directed
therapy: beyond rituximab. Curr Opin Rheumatol. (2008)
20:263–8. doi: 10.1097/BOR.0b013e3282f5e08d
118. Morschhauser F, Marlton P, Vitolo U, Lindén O, Seymour J, Crump M, et al.
Results of a phase I/II study of ocrelizumab, a fully humanized anti-CD20
mAb, in patients with relapsed/refractory follicular lymphoma. Ann Oncol.
(2010) 21:1870–6. doi: 10.1093/annonc/mdq027
119. Klein C, Lammens A, Schäfer W, Georges G, Schwaiger M, Mössner
E, et al. Epitope interactions of monoclonal antibodies targeting CD20
and their relationship to functional properties. mAbs. (2013) 5:22–33.
doi: 10.4161/mabs.22771
120. Komori M, Lin YC, Cortese I, Blake A, Ohayon J, Cherup J, et al. Insufficient
disease inhibition by intrathecal rituximab in progressive multiple sclerosis.
Ann Clin Transl Neurol. (2016) 3:166–79. doi: 10.1002/acn3.293

109. Hartung H-P, Kieseier BC. Atacicept: targeting B cells in multiple sclerosis.
Ther Adv Neurol Disord. (2010) 3:205–16. doi: 10.1177/1756285610371146
110. Baker D, Pryce G, James LK, Schmierer K, Giovannoni G. Failed B cell
survival factor trials support the importance of memory B cells in multiple
sclerosis. Eur J Neurol. (2020) 27:221–8. doi: 10.1111/ene.14105
111. Abdul-Majid KB, Stefferl A, Bourquin C, Lassmann H, Linington C, Olsson
T, et al. Fc receptors are critical for autoimmune inflammatory damage to
the central nervous system in experimental autoimmune encephalomyelitis.
Scand J Immunol. (2002) 55:70–81. doi: 10.1046/j.1365-3083.2002.01024.x
112. Warrington AE, Asakura K, Bieber AJ, Ciric B, Van Keulen V, Kaveri SV,
et al. Human monoclonal antibodies reactive to oligodendrocytes promote
remyelination in a model of multiple sclerosis. Proc Natl Acad Sci USA.
(2000) 97:6820–5. doi: 10.1073/pnas.97.12.6820
113. Loken MR, Shah VO, Dattilio KL, Civin CI. Flow cytometric analysis
of human bone marrow. II. Normal B lymphocyte development. Blood.
(1987) 70:1316–24.
114. Wolinsky JS, Arnold D, Bar-Or A, de Seze J, Giovannoni G, Hemmer B,
et al. Efficacy of ocrelizumab in patients with PPMS with and without T1
gadolinium-enhancing lesions at baseline in a Phase III, placebo-controlled
trial. ACTRIMS Forum 2016. Multiple Sclerosis J. (2016) 22(1_suppl):63–4.
115. Ingle G, Sastre-Garriga J, Miller D, Thompson A. Is inflammation important
in early PPMS? A longitudinal MRI study. J Neurol Neurosurg Psychiatry.
(2005) 76:1255–8. doi: 10.1136/jnnp.2004.036590
116. Zecca C, Bovis F, Novi G, Capobianco M, Lanzillo R, Frau J, et al. Treatment
of multiple sclerosis with rituximab: a multicentric Italian–Swiss experience.
Mult Scler J. (2020) 26:1519–31. doi: 10.1177/1352458519872889

Frontiers in Neurology | www.frontiersin.org

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2021 Holloman, Axtell, Monson and Wu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

12

June 2021 | Volume 12 | Article 680581

